Introduction
Since silane was introduced as a protective agent for porous cement-based materials about 50 years ago [1] , the hydrophobic impregnation has increasingly won favor [2] because not only it is the least harmful to essential concrete appearance [3] but also it does not interrupt construction work, and is hence cost-effective [2, [4] [5] . Additionally, compared to the other type of surface treatment with the sodium silicate-based concrete sealers, the hydrophobic impregnation can more effectively prevent water absorption and chloride penetration into concrete and thus more efficiently prevent the initiation of corrosion of steel reinforcement [2] . Consequently, the assessment methods, the laboratory and long-term field performances of such hydrophobic impregnation and the corresponding mechanisms have been extensively investigated [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] .
It is well recognized that the main components of the most commonly used hydrophobic agents are alkiltrialkoxisilane, alkilalkoxisiloxanes or a mixture of these two components [19] [20] [21] [22] . Furthermore, alkiltrialkoxisilane-based hydrophobic agents is generally found to penetrate deeper in the concrete substrate than talkilalkoxisiloxane-based hydrophobic agents [20, 22] , but the former agents are more volatile than the latter ones [20] . In addition, waterborne systems (micro-emulsion) [3, 19, 23] is increasingly becoming popular because of environmental protection. However, the exact components of hydrophobic agents have not yet been disclosed by any manufacturer due to commercial confidentiality, although it is well known that silanes are generally dissolved in alcohol or are applied to the concrete as 100% active substance and siloxanes are often dissolved in alcohol or hydrocarbon [19] .
To address the lack of information regarding the preparation of hydrophobic agents and to provide more insight into the research area of waterproof materials, we explore the method to manufacture a waterborne silane-based hydrophobic agent by dispersing octyltriethoxysilane into water. The different types of emulsifiers were systematically investigated and compared. In addition, the content of each ingredient of the developed hydrophobic agent was optimized.
Materials and Methods

Selection of materials
To prepare the silane-based hydrophobic agent, an octyltriethoxysilane, purchased from Dow Corning Corp., was selected as the active ingredient. In addition, the representative commercially available emulsifiers were also selected as follows: anionic emulsifiers including sodium dodecyl sulfate (SDS), sodium dodecyl benzene sulfonate (SDBS) and sodium oleate (SO); cationic emulsifiers including hexadecyl trimethyl ammonium bromide (HTAB) and hexadecyl trimethyl ammonium chloride(HTAC); nonionic emulsifiers including polyoxyethylene octylphenol ether (OP-10), tween-60(TW-60), tween-80(TW-80), span-80 (S-80), alcohol ethoxylate 3 (AEO-3) and alcohol ethoxylate 9 (AEO-9).
Preparation of hydrophobic agents
The masses of the deionized water and the octyltriethoxysilane in the mixture were 100 g and 30 g, respectively. The prescribed amount of emulsifiers was added into the mixture. Subsequently, the mixture was mixed for 10 min and the hydrophobic agents were obtained.
Centrifuging treatment
To determine the stability of the developed hydrophobic agents, two specimens of each hydrophobic agent were subjected to centrifuging treatment at the centrifuging time of 5 min and centrifuging speed of 3000 rounds/min. For each specimen, the volume is 10 ml.
Surface tension measurements
The surface tension values of the developed hydrophobic agent at 25 °C were measured using a Du-Nuoy TensiometerKruss-K100 (Kruss GmbH, Germany).
Contact angle measurements
The contact angles for the hydrophobic agents developed in this work were tested using an optical contact-measuring device (OCA 15EC, Dataphysics Instruments GmbH, Germany). To this end, a water drop with known volume was released on the surfaces of the mortar specimens impregnated with the hydrophobic agents by a flat needle placed from a known distance. The angle between the solid-liquid interface was measured directly from the image of a droplet of liquid placed on the flat solid surface.
Results and Discussion
It is common knowledge that the octyltriethoxysilane is extremely hydrophobic. When it is mixed with water to prepare the waterborne hydrophobic agents, the oil-water separation phenomenon readily occurs in the absence of appropriate emulsifiers. From the standpoint of cost and profit, the single emulsifier is preferable. Therefore, the effects of different single emulsifiers on the stability of the hydrophobic agents were primarily investigated and the results are summarized in Table 1 . The mass of each emulsifier was 30 g. As indicated in Table 1 , the stability of the hydrophobic agents seems to be independent of the hydrophilicity and HLB value of the emulsifier. Basically, a stable waterborne silane-based hydrophobic agent cannot be manufactured via the addition of any single emulsifier. However, the stability of the hydrophobic agents appears to be related to the ionic nature of the emulsifier. More specifically, the stability of the hydrophobic agents added with either anionic emulsifiers or nonionic emulsifiers is relatively better than those added with the cationic emulsifiers. Therefore, the anionic and nonionic emulsifiers were selected to prepare anionic + nonionic type of compound emulsifiers and/or nonionic + nonionic type of compound emulsifiers. The effects of the above different types of compound emulsifiers on the stability of the hydrophobic agents were further systematically investigated and the results obtained are compared in Table 2 . As shown in Table 2 , at the constant centrifuging time of 5 min and centrifuging speed of 3000 rounds/min, specimens 6, 7 and 8 are quite stable and no oil perspiring occurs. Because the stability of a given oil-water mixture decreases as the centrifuging time and centrifuging speed increase, specimens 6, 7 and 8 were further subjected to centrifuging treatments at the centrifuging time of 30 min and the centrifuging speed of 5000 rounds/min. The results obtained are listed in Table 3 . As observed in Table 3 , specimen 7 is most stable and no oil perspiring can be observed. Therefore, specimen 7 is the optimized composition of the waterborne silane-based hydrophobic agent developed in this work. Its surface tension measured is 31 mN/m, which is slightly higher than that of the pure octyltriethoxysilane (25. 7 mN/m). It is common knowledge that the lower the surface tension, the deeper the liquid penetrates into the pervious materials (e.g. concrete). Therefore, specimen 7 has good penetration effect, which is preferable for its applications in the waterproof of cement-based materials. Fig. 1 shows the measured contact angle of the surface of the mortar specimen impregnated with the hydrophobic agent specimen 7. As shown in Fig. 1 , the contact angle is 145.17°, indicating that the surface of mortar specimen impregnated with specimen 7 is super-hydrophobic. Note that only part of the experimental results and the new findings are presented in this paper.
More interesting new observations, the physicochemical properties, the anti-carbonation and the antichloride ion of the hydrophobic agent specimen 7 will be published in the near future.
Conclusions
The experimental results presented in this paper lead us to draw the following conclusions:
•A stable waterborne silane-based hydrophobic agent cannot be obtained by the addition of any single emulsifier, no matter what the ionic nature the emulsifier is.
•A stable waterborne silane-based hydrophobic agent can be manufactured by the addition of appropriate anionic + nonionic compound emulsifiers.
• The surface tension and the contact angle of the mortar specimen impregnated with the optimum hydrophobic agent developed in this work are 31 mN/m and 145. 17 °, respectively, indicating it is quite a good hydrophobic agent.
